"
If all the matter in the universe except the nematodes were swept away, our world would still be dimly recognizable,… We should find its mountains, hills, vales, rivers, lakes, and oceans represented by a thin film of nematodes. " This quote from Cobb (1914) refers to the remarkable ubiquity of free-living nematodes on Earth. Nematodes are an ancient animal phylum of unsegmented microscopic roundworms that are invisible to the naked human eye. They are the only group of multicellular animals (metazoans) that are pervasive in sediments and soils, where they often outnumber other animals (Heip et al. 1985, Bongers and Ferris 1999) . Nematodes are found in habitats ranging from the deep oceanic trenches to mountain peaks. In shallow marine sediments, nematode numbers can reach 0.5 million to 5 million individuals per square meter (Soetaert et al. 2009 ). Although their abundance and individual body size decline with water depth (Soetaert et al. 1997) , the relative abundance of free-living nematodes comes to dominate among metazoans as larger animals decline more steeply with water depth (Rex et al. 2006) . The abundance of freshwater nematodes is generally lower, but can exceed 1 million individuals per square meter (Traunspurger et al. 2012) and also tends to decrease with water depth. In soils, the number of nematodes typically ranges from 2 million to 20 million individuals per square meter (Burges and Raw 1967) , with more found in coarse soils and less in clay soils.
The more than 27,000 described nematode species, of which about 60% are parasitic (15% plant parasites, 45% animal parasites; Hugot et al. 2001) , most likely represent only a small portion of the total phylum Nematoda (Barker 1998 , Zhang 2013 . Historically, more research has been conducted on parasitic than free-living nematodes, so the actual diversity of free-living nematodes is presumed to be substantially underestimated (Hugot et al. 2001 , Appeltans et al. 2012 . In this overview, we focus on the free-living nematodes-that is, nematodes that do not parasitize animals or plants but live in the space between sediment and soil particles.
In marine sediments, nematode diversity, expressed as the number of species, tends to be highest in sandy sediments and lower in mud (Heip et al. 1985) . Nematode diversity in freshwater habitats is close to that of some estuaries but lower than reported for deep-sea habitats (Eyualem- Abebe et al. 2006) . Temperate deciduous forests support the highest soil nematode diversity, followed by tropical rain forests and arable land (Song et al. 2017) . The density and diversity of other abundant metazoans, including polychaetes and harpacticoid copepods in marine sediments and mites and collembolans in soils, are about an order of magnitude lower.
The body plan of free-living nematodes is simple. The intestine and gonad are surrounded by a strong and flexible body wall with dorsal and ventral longitudinal muscles. The body wall and the pressurized, fluid-filled body cavity act as an antagonist for muscle action and enable movement. This mode of locomotion restricts morphological diversity in nematodes that, for example, have never evolved locomotory appendages (e.g., fins, legs, or wings) as other successful animal phyla have (Kiontke and Fitch 2013) . In the present article, we identify the environmental characteristics and gradients in which sediment-and soil-dwelling nematodes live; combine general properties of sediments and soils with some specific evolutionary, physiological, biological, and morphological characteristics of nematodes to identify the factors underlying the ecological success of this ancient phylum; and demonstrate the impact this has on important sediment and soil processes.
On the basis of our findings, we propose hypotheses for future cross-realm ecological research to better understand how organism interactions (including those between free-living nematodes and microorganisms) in sediments and soils affect ecosystem processes that are of global importance.
Ecological properties of sediments and soils
Throughout the evolutionary history of Earth, physical, chemical, and biological processes have modified bedrock or other kinds of deposits into habitats in which a wide range of organisms, including nematodes, could evolve (table 1) . Nematodes use the pore spaces and channels between particles, because their small size generally limits their capacity to physically mix sediment and soil particles (but see Löhr and Kennedy 2015 for marine nematodes reworking oxygen-depleted sediments). Marine and freshwater nematodes move within interstitial pores that are permanently water filled, thereby affecting solute transport near sedimentwater interfaces (Aller and Aller 1992) . Soil nematodes live in water films surrounding soil particles and, depending on the level of saturation, may directly use surface tension forces for movement and indirectly benefit from the more rapid gaseous exchange within thin films (Yeates 2004) .
Physical gradients are steeper and extremes greater in soils than in sediments because of the more complex distribution of short-lived water-filled pores and films that create many unique microhabitats. Nematodes can only migrate in soil through pores with a diameter of less than 30 micrometers (Jones 1975) , and within the habitable pore space, their activity is affected by the water-air balance. Saturation and drought can result in reduced mobility and activity of nematodes (Neher 2010) .
Free-living nematodes in sediments and soils Nematodes evolved during the early Cambrian (525 million years ago; MYA) in marine habitats (Rota-Stabelli et al. 2013) . Together with the arthropods (i.e., insects, spiders and crustaceans), nematodes belong to the Ecdysozoa, a superphylum that unites all molting invertebrates with over a million described species (Telford et al. 2008 (Rota-Stabelli et al. 2013) . Even today, the most abundant metazoans on Earth are nematodes, whereas the most diverse are the insects (Schminke 2018) . Twelve major clades have been distinguished within the phylum Nematoda (figure 1). Clades 1-6 and 8-12 correspond to classes formerly referred to as "Adenophorea" and "Secernentea", respectively.
Diverse life styles. The life cycle of free-living nematodes is characterized by four molts, developing from a freshly hatched first or second stage juvenile, via two or three further juvenile stages, to adulthood (table 2). These basic characteristics are shared among all nematodes, irrespective of whether they live in the sediment or soil and are independent from their feeding ecology. Asexual reproduction (parthenogenesis) is prevalent in species inhabiting shallow water bodies or those subject to repeated drying and wetting (Wharton 1986 ). Life cycle stages often provide a means of surviving fluctuations in the environment. For example, different life stages can have distinct food preferences (Yeates 1987) , and feeding strategies can be switched, depending on the availability of food sources (Buffan-Dubau and Carman 2000, Riera and Hubas 2003, Lebreton et al. 2012) .
Nematodes show a variety of adaptations to frequently changing or extreme environmental conditions. These include their protective cuticle, a flexible and chemically inert exoskeleton, and the ability to go into developmental dormancy and diapause (Dauer stage) as a strategy to survive adverse conditions including prolonged scarcity of food (McSorley 2003) . A range of reproductive strategies allows nematodes to proliferate rapidly in changing and extreme environmental conditions.
The nematodes' sensory organs (table 2) allow them to use primarily chemical but also electrical, light, mechanical, and temperature cues to orientate, move, locate a sexual partner, and forage successfully (Moens et al. 1999 , Rasmann et al. 2012 . Because roots produce and exude a great variety of compounds into the rhizosphere, chemoreception has particular relevance to the ecological proliferation of soil nematodes.
One might wonder whether high nematode diversity and ubiquitous distribution are the result of a few major habitat transitions followed by extensive diversification or the outcome of a high number of transitions followed by a lower degree of diversification. Using small subunit ribosomal DNA data on basal Chromadoria (clades 3 to 6; figure 1), Holterman and colleagues (2006) pinpointed a number of transitions from terrestrial to marine habitats and vice versa. Transitions (especially those from sea to land) occur at various taxonomic levels and are particularly prevalent in nematodes that possess a relatively simple secretory-excretory (S-E) system ("Adenophorea"; figure 1, table 2). The evolution of a more complex system with osmoregulatory function increases the tolerance of successful colonists to varying ionic compositions of their interstitial habitat, as is generally encountered in soils ("Secernentea"; table 2). However, Lee (1961) and Nkem and colleagues (2006) reported high osmotic stress survival rates of some terrestrial species with simple S-E systems of limited osmoregulatory capacity ("Adenophorea"; figure 1, table 2).
Position of nematodes in sediment and soil food webs Soil and sediment food webs are predominately heterotrophic (i.e., rely on the external or allochtonous input of organic compounds, such as those obtained from plant or animal matter). Although shallow intertidal food webs are sites of high primary production (Herman et al. 2000 , Christianen et al. 2017 , organic matter mineralization often exceeds local production, because organic matter from the water column provides an additional organic input for the benthic food web. Some highly localized deep-sea ecosystems, such as cold seeps and hydrothermal vents, are partially supported by chemoautotrophy on the basis of oxidation of reduced compounds from the sea floor (Bell et al. 2017) . However, the vast majority of the deep sea is heterotrophic (Smith et al. 2008 ).
In soils, the phototrophic (aboveground) and the heterotrophic (belowground) compartments are physically connected by plants (Wall 2007) . Influx of carbon and energy is primarily provided directly by plants that, via their root systems, release substantial quantities of primary and secondary metabolites to the rhizosphere (Derrien et al. 2004 ). This boosts a selected part of the soil microbial community, mainly bacteria and fungi. Selectivity is often brought about by plant-family-specific categories of secondary metabolites. After senescence, the remaining plant biomass gradually feeds into the soil food web. The main primary decomposers in soil are bacteria and fungi. Generally, bacteria feed on relatively easily degradable parts of the (mainly plant derived) detritus pool, whereas fungi depolymerize recalcitrant polymers of plant origin such as cellulose, hemicellulose, pectin, and lignin.
Apart from coastal areas with macroalgae, mangroves, or seagrasses, there is no direct physical link between the phototrophic compartment-the euphotic zone-and the subseafloor. Sediment food webs are fueled by allochthonous organic matter (from land via rivers or from the sea via currents) and by internal or autochthonous pelagic and benthic primary production. The relative importance of organic carbon derived from pelagic and benthic primary production and from imported organic matter to sediment-dwelling heterotrophs is habitat-specific. In shallow coastal systems in which most of the seafloor lies within the photic zone, benthic photoautotrophy via submerged vascular plants (seagrasses), macroalgae, and benthic microalgae is high and typically exceeds that of phytoplankton (Underwood and Kromkamp 1999, Christianen et al. 2017) . With the exception of chemosynthetic sites, such as hydrothermal vents and cold seeps, heterotrophic fauna in marine sediments is supported by sinking aggregates of microbe-colonized organic matter (Thornton 2002 ) that originates from surface production and sinks through the water column or is laterally advected (Ramirez-Llodra et al. 2010) . As aggregates gradually sink through the water column and undergo decomposition by bacteria, the deposition of organic matter onto the seafloor is inversely related with water depth (Buesseler et al. 2007 ). Although habitat dependent, influx of organic carbon into sediment or soil food webs can be categorized by orders of magnitude. The influx of organic carbon to deep-sea benthos, for example, is in the range of 1-10 grams of organic carbon (g C org ) per square meter (m 2 ) per year (Glover and Smith 2003) , whereas the input in shallow sediments can be up to 400 g C org per m 2 per year (Andersson et al. 2004 ).
For terrestrial soils, carbon inputs can be up to two orders of magnitude greater than deep-sea benthos (e.g., on average 96 g C org per m 2 per year for restored native grasslands, Matamala et al. 2009 ; 58-132 g C org per m 2 per year for low productive coniferous forests, Leppälammi-Kujansuu et al. 2014) .
Energy flow through the food web. Organic matter decomposition in sediments and soils is a complex process, involving chemical alteration of organic matter, physical fragmentation, and finally release of mineral nutrients. Indirect interactions, such as bioturbation (the biological reworking of sediments and soils by burrowing animals and, in soils, rooting plants) and diseases caused by pathogens, or direct interactions, such as grazing and predation, result in flows of organic matter through subsurface food webs that are remarkably similar in sediments and soils (Krumins et al. 2013) . Macroinvertebrates in sediments (e.g., polychaetes, crustaceans, gastropods, bivalves) and soils (e.g., termites, earthworms, millipedes) assist in the decomposition of organic matter by fragmenting it, thereby increasing the surface area and allowing microorganisms to colonize it, and by incorporating organic matter into the substrate, where conditions for microbial processes are favorable for decomposition (figure 2). This fragmentation is much less needed in marine systems as the primary producers (mostly algae) are already of microscopic size.
Smaller organisms such as rotifers, tardigrades and nematodes living in water (films) around sediment or soil particles or microarthropods such as springtails and mites living in air-filled pores in soils occupy diverse trophic positions in the food web (figure 2). In general, free-living nematodes feed on types of food sources that are available both in sediments and soils such as bacteria, protists, and other nematodes. At the top of the food web are predators, represented by species of macro-and microfauna, which feed on smaller invertebrates and protists. In both sediment and soil food webs, nematodes are present at various trophic levels. They occupy an intermediary position as consumer of a range of carbon sources and as a food source for secondary consumers (figure 2).
Catalytic effect of nematodes on microbe-mediated degradation and remineralization processes
The high density and species diversity of nematodes, their diversity in lifestyles (table 2), and their presence at various trophic levels (figure 2) collectively suggest that they play an important role in sediments and soils (Neher et al. 2012 , Heidemann et al. 2014 , Schratzberger and Ingels 2018 . Through their biological activities (e.g., movement, ingestion and defecation of food particles, excretion of metabolic wastes), nematodes affect ecological processes both directly and indirectly. Central questions in sediment and soil ecology therefore relate to the types of interaction nematodes have with other organisms and how these relationships affect the regulation of ecosystem processes.
Experimental studies with nematodes estimate their direct importance to organic matter mineralization to be limited and their direct grazing rates on settled organic matter to be low in comparison to other biotic compartments (Verhoef and Brussard 1990, Schratzberger and Ingels 2018) . We suggest in the present article that, quantitatively, the indirect roles of nematodes on nutrient mineralization in the food web are more relevant. Nematodes selectively graze microorganisms (resulting in an accelerated turnover Chemosensory organs Amphid (complex sense organ in the head region that is exposed to the external environment by a pore in the nematode cuticle) functions as primary chemoreceptor; amphids vary in shape and size "Adenophorea": Amphid similar to marine and freshwater nematodes but often smaller; phasmid absent "Secernentea": Amphid; phasmid (complex sense organ in the tail region), similar to amphid but smaller
Secretory-excretory (S-E) system
Relatively simple S-E system consisting of a single ventral gland cell, a renette, usually with a noncuticularized terminal duct; S-E system mainly involved in secretion of glycoproteins that coat the cuticle surface and act as a lubricant to assist movement "Adenophorea": Relatively simple S-E system similar to marine and freshwater nematodes "Secernentea": More complex, tubular H-shaped S-E system with a cuticle-lined duct; S-E system mainly involved in osmotic regulation as well as secretion of glycoproteins Osmoregulation Usually isosmotic to seawater; high cuticular permeability for water; species-specific differences in the efficiency and rate of osmoregulation Slightly hyperosmotic to surroundings; high cuticular permeability for water Hyperosmotic to surroundings; low cuticular permeability for water, slowing down the rate of water flux allows time for osmoregulatory mechanisms to operate Note: Given that phenomena such as convergent evolution, and secondary loss and gain are widespread among nematodes, attributes should not be taken as fixed characteristics for either of the three major habitat types.
of microbial cells) and inoculate substrate with microorganisms (figure 3). Increased mineralization observed in field situations and experimental treatments containing high nematode abundance is primarily a result, therefore, of nematodes feeding on and dispersing microorganisms that mediate organic matter mineralization and nutrient cycling (Nascimento et al. 2012 ). This has four important consequences: First, the microbial community is kept in the active growth phase (Gerlach 1978) , implying a higher demand of nutrients by microorganisms and therefore resulting in a higher decomposition rate of the organic matter. Ingham and colleagues (1985) and Gebremikael and colleagues (2016) demonstrated strong stimulatory effects of nematodes on bacteria-and fungi-mediated mineralization in soil microcosms. Similarly, Bonaglia and colleagues (2014) revealed a catalytic effect of marine nematodes on nitrifying and denitrifying bacteria in sediment microcosms.
Second, bacterivorous nematodes tend to have a higher carbon-to-nitrogen ratio than their microbial prey. In addition, the growth efficiency of nematodes is lower than that of bacteria. Consequently, nematodes ingest more nutrients than required, and the excess (following lysis of microbial cells) is excreted in a mineral or readily mineralizable form such as ammonium, phosphate, and sulphate into the pore water that otherwise would have been locked up in the microbial biomass. Bacteria, in contrast, usually respire most of the assimilated carbon and immobilize most of the assimilated nitrogen resulting in a significant contribution of nematodes to nitrogen mineralization compared to bacteria (Bonaglia et al. 2014 , Gebremikael et al. 2016 . Third, microorganisms are redistributed to places rich in nutrients, thereby stimulating the growth and activity of those microorganisms that mediate organic matter mineralization and nutrient cycling (Gebremikael et al. 2016) .
Finally, in marine sediments only, nematodes excrete large quantities of nitrogen in their mucus that is available for the microbial community or can bind to detritus (Riemann and Schrage 1978 , Riemann and Helmke 2002 , Moens et al. 2005 . These excretions provide matrix and inorganic nutrients that are easily metabolized by microorganisms, thereby stimulating their activity and growth.
In decomposer food webs in sediments and soils, organic matter mineralization is affected by bacterivorous, fungivorous, and omnivorous nematodes feeding on microorganisms and excreting nutrients in excess of their metabolic need. The abundance and activity of these microbivorous nematodes may, in turn, be regulated by predatory nematodes, therefore preventing overgrazing by those groups and further controlling nutrient availability. At the same time, nutrients excreted by nematodes regulate microbial biomass and activity (figure 3). Without the continuous liberation of nutrients by nematodes via movement and feeding, microorganisms would be less able to compensate grazed biomass (de Ruiter et al. 1998 ).
Ecological flexibility pays off for nematodes A suite of evolutionary and environmental processes has facilitated the diversification of nematodes (and other metazoans). These include vertical burrowing by animals, which enhanced oxygenation and primary productivity; the formation of new ecological links, which connected pelagic and benthic systems; and the advent of metazoan predation, which expanded food webs (Erwin et al. 2011, Sperling and Stockey 2018) .
Nematodes arose as marine bacterivores in the oceans over 500 MYA (Erwin et al. 2011 , Rota-Stabelli et al. 2013 . Assuming that the physical and physiological adaptations required to live as a bacterivorous nematode in marine sediments are comparable to the adaptations needed to feed on bacteria in freshwater and terrestrial habitats, the collection and digestion of food would not constitute a major hurdle in the new habitat. If nematodes would have lived as primary decomposers on the seafloor, a major habitat transition would have required fundamental physiological adaptations to their new food source. The composition of organic material reaching the seafloor differs considerably from the composition of the organic matter in soils. The ability of freeliving nematodes to feed on types of food that are available in both sediments and soils such as bacteria, protists, and other nematodes will have contributed to their proliferation.
We conclude that the nematode's selectivity of food sources available in both aquatic and terrestrial habitats, combined with their capacity to easily adapt to and survive in realm-specific environmental conditions (table 2) , has contributed to their success in terms of abundance and diversity in sediments and soils worldwide.
Nematodes possess a range of physiological and lifehistory characteristics (table 2) that renders them less vulnerable to environmental change than larger fauna at higher trophic levels (figure 2). In both sediments and soils, predators of nematodes tend to be larger and have longer generation times or lower fecundity than their prey. The generally high fecundity of nematodes means that intermediate levels of disturbance often have only transitory effects on their populations. Compared with larger animals, the recolonization of severely disturbed sediments and soils by nematodes tends to proceed more rapidly.
Nematode adaptability (indicated by frequent habitat transitions, coupled with their resilience to environmental change) has important implications for the functioning of sediments and soils worldwide. Although empirical evidence on the specific roles of nematodes in most ecosystem processes is currently scarce, our overview suggests that nematode adaptations, roles, and behaviors have important implications for the resistance and resilience of sediments and soils to natural and anthropogenic change. 
Conclusions
Managing sediments and soils is mostly a matter of maintaining suitable habitat for the many creatures that comprise their food webs, including free-living nematodes. Knowledge of sediments and soils has been hampered by difficulties in studying organisms in their natural environment (i.e., while keeping the complex structure of sediments and soils intact). Consequently, contemporary studies of sediment and soil ecology lag somewhat behind those of other subdisciplines of ecology.
In the present article, we highlighted strong parallels between organism interactions in sediments and soils, notably the accelerating effects interactions between free-living nematodes and microorganisms have on globally important ecosystem processes. Future hypothesis-driven research will need to determine how consistent and widespread these interactions are and test the importance of interactions among microorganisms relative to interactions among fauna and interactions between microorganisms and fauna; how interaction strength is linked to ecosystem processes, both qualitatively and quantitatively; whether the nature and strength of interactions is habitat specific; whether-and, if so, how-interactions vary along abiotic gradients; how interactions evolve under environmental stress; and which interactions are critical to the provision of benefits that soils and sediments provide to humans. Research under these headings would reduce the current disparity between what is known about free-living nematodes in sediments and soils relative to their importance in sustaining life on Earth.
